The kinetics of the RNA replication reaction by Q␤ replicase were investigated. Q␤ replicase is an RNA-dependent RNA polymerase responsible for replicating the RNA genome of coliphage Q␤ and plays a key role in the life cycle of the Q␤ phage. Although the RNA replication reaction using this enzyme has long been studied, a kinetic model that can describe the entire RNA amplification process has yet to be determined. In this study, we propose a kinetic model that is able to account for the entire RNA amplification process. The key to our proposed kinetic model is the consideration of nonproductive binding (i.e. binding of an enzyme to the RNA where the enzyme cannot initiate the reaction). By considering nonproductive binding and the notable enzyme inactivation we observed, the previous observations that remained unresolved could also be explained. Moreover, based on the kinetic model and the experimental results, we determined rate and equilibrium constants using template RNAs of various lengths. The proposed model and the obtained constants provide important information both for understanding the basis of Q␤ phage amplification and the applications using Q␤ replicase.
Q␤ replicase is an RNA-dependent RNA polymerase responsible for replicating the RNA genome of coliphage Q␤ (1) that plays a key role in the life cycle of the Q␤ phage (2, 3) . This enzyme is a heterotetramer composed of a ␤ subunit encoded on the phage genome and three host proteins: ribosomal protein S1, elongation factor Tu (EF-Tu), and Ts (EF-Ts) (4) . The replication reaction proceeds first by binding of the enzyme to the 3Ј-end of single-stranded RNA (plus strand), and synthesizes its complementary single-stranded RNA (minus strand), which then becomes the template for synthesis of another plus strand (5) . Not all RNAs can be amplified by the Q␤ replicase. The requirements for amplifiable RNAs are known to be the presence of a poly(C) sequence at the 3Ј-end of the RNA (6, 7) and some unique secondary structural features (8) , whereas these are not sufficient for designing amplifiable RNAs (9, 10) . Using the replicase, RNA can be amplified exponentially from a single copy to 10 12 copies in less than 30 min without the need for any oligonucleotide primer (de novo initiation) (3) .
Q␤ replicase has been recognized as a representative singlestranded RNA replicase and has been used for various purposes, such as to investigate the kinetics of single-stranded RNA replication (11) and nonhomologous RNA recombination (12) and to study various aspects of molecular evolution (13) , hypercycle (14) , and the origin of life (15) . In addition, it has also been used as a tool for molecular biology (e.g. for the amplification of a particular RNA (16, 17) , for virus detection (18) , for RNA sequencing (19) , and for introducing mutations (20) ). Therefore, it is important to understand the basis of the replication reaction.
However, at present, there is no kinetic model to account for the entire RNA amplification process by Q␤ replicase, whereas the requirements for amplifiable RNAs have been studied in detail. To date, the RNA amplification process has been segregated into individual steps, such as binding (21, 22) and doublestranded production (23, 24) , which have been analyzed kinetically to determine the rate or equilibrium constants. On the other hand, kinetic models to explain the entire amplification process have been studied mainly by computer simulation (5, 11, 25) , and these studies have not resolved the following three observations: (i) the replication of the phage genome RNA is somehow inhibited by the genomic RNA itself (26, 27) , (ii) the reaction velocity decreases in the late phase of the reaction (5, 28) , and (iii) the catalytic constant seems to differ between the earlier and later phases of the amplification process (5) . The bases of these observations are still unclear. Moreover, kinetic studies have been carried out using only short template RNAs (about 200 nucleotides (nt) 2 in length). Furthermore, the kinetic constants, such as polymerization rate and MichaelisMenten constant, have not been determined. The kinetics of Q␤ replicase provide important information not only for understanding the basis of Q␤ phage amplification but also for applications using Q␤ replicase.
In this study, we performed kinetic analyses of the entire process of RNA amplification by Q␤ replicase based on a simple kinetic model. The key in our proposed kinetic model is the consideration of nonproductive binding (i.e. binding of an enzyme to the RNA where the enzyme cannot initiate the reaction). Nonproductive binding will reduce the amount of enzyme for productive binding (i.e. binding to the appropriate position of the RNA for initiation of the reaction). Here, we used RNAs varying widely in length, and measured the replication reaction in real time with high accuracy using SYBR Green II (29) . Our model was able to account for all of the results of the entire amplification process and the previously unresolved observations. Moreover, we obtained the kinetic constants directly from the experiments. In addition, we found a notable inactivation pattern of the enzyme, which can be regulated by GDP as an accelerator of inactivation and NTPs as inhibitors of GDP-dependent inactivation. Finally, we discuss the important information obtained in this study both for understanding the basis of Q␤ phage amplification and for applications using Q␤ replicase.
EXPERIMENTAL PROCEDURES
Q␤ Replicase-Q␤ replicase was purified as described previously (30) . After purification, the enzyme solution was dialyzed against the storage buffer (25 mM Tris-HCl, pH 7.8, 125 mM NaCl, 2.5 mM MgCl 2 , 0.5 mM EDTA, 10 mM 2-mercaptoethanol, 50% (v/v) glycerol). SDS-PAGE showed the purified enzyme to be composed of EF-Tu, EF-Ts, and ␤ subunit. The purified enzyme seemed to contain two different types of enzyme, as revealed by preincubation experiments: one with high and another with low thermostability. In this study, the enzyme solution was incubated at 37°C for 10 min prior to carrying out the replication reaction, which removed the less stable fraction of the enzyme. The observation that the enzyme solution consists of enzymes with distinct thermostability was made with different batches of the S1-less enzyme, enzyme with S1 subunit (29) , fusion enzyme (30) , and commercially available enzyme (Epicenter, Madison, WI). It should be noted that the ratio between high and low thermostable enzymes was different among batches (data not shown); therefore, we worked with the enzyme from a single batch.
Plasmids-Plasmid pUC-MDV-LR (31), kindly provided by Dr. Inokuchi (Teikyo University), was used to produce MDVpoly RNA. The plasmid carries the sequence of MDV-poly RNA downstream of the T7 promoter sequence, a SmaI restriction site at the 3Ј-end of the MDV-poly sequence, and a BglII site within the MDV-poly RNA sequence for cloning (32) . Plasmids for synthesis of MDV-T12, MDV-CAT, MDV-dBETA, and MDV-BETA RNAs were constructed by inserting the 27-base sequence (5Ј-GATCATTTTTTTTTTTTGTTTTTTTTA), chloramphenicol acetyltransferase gene, the Q␤ replicase ␤ subunit gene lacking the 1072-nt segment between the two StyI sites of the gene, and the complementary strand of the Q␤ replicase ␤ subunit gene, respectively, into the BglII sites of pUC-MDV-LR.
S222 RNA is a mutant of the complementary strand of MDV-1 RNA, which contains six mutations, three insertions, and two deletions. S130 RNA is a 130-nt fragment of the 5Ј terminal part of S222 RNA containing two deletions, seven mutations, and the addition of CCA at its 3Ј terminus. These two RNAs were isolated in our laboratory as a product of spontaneous RNA amplification (33) , their sequences were inserted into the pUC19 vector (ATCC 37254) under the control of the T7 promoter, and an AlwI cleavage site was placed at the 3Ј-end. All sequences of the transcript RNAs are shown in the supplemental materials.
Preparation of Template RNAs -Template RNAs were prepared by in vitro transcription from a plasmid DNA linearized with AlwI (for S130 and S222 RNAs) or SmaI (for the other RNAs), using T7 RNA polymerase (Takara, Shiga, Japan) according to the manufacturer's instructions. Subsequently, the template DNA was digested with DNase I (GE Healthcare, Buckinghamshire, UK). RNA was purified with RNeasy mini (Qiagen, Tokyo, Japan) according to the manufacturer's instructions and eluted in distilled water. The RNA solution was heated at 70°C for 2 min and placed at room temperature for more than 5 min before use.
Real Time Detection of the Replication Reaction-The replication reaction (20 l) was carried out at 37°C by adding template RNA and 1 l of Q␤ replicase to the reaction buffer (125 mM Tris-HCl, pH 7.8, 5 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 1.25 mM each of ATP, GTP, CTP, and UTP, 500 nM (for ABI PRISM 7700 Sequence Detector) or 200 nM (for Mx3005P TM QPCR System) 5-carboxy-X-rhodamine (ROX) reference dye (Invitrogen), 1ϫ concentration of SYBR Green II (Invitrogen), 5 mg/ml Triton X-100). ROX was added as an internal marker to normalize the difference among the tubes.
For analysis of the exponential phase and the saturation point, the reactions were carried out at 37°C for 15 min in the presence of various concentrations (12.5, 25, 50, 100, 200, or 400 nM) of the enzyme and 0.004 nM (for S130, S222, MDVpoly, and MDV-T12 RNA) or 0.4 nM (for MDV-CAT, MDVdBETA, and MDV-BETA RNA) template RNA. For analysis of the linear phase, the reactions were monitored at 37°C for 2 h in the presence of a 10 nM concentration of the enzyme and 100 nM (for S130 and S222 RNA), 200 nM (for MDV-poly and MDV-T12 RNA), or 60 nM (for MDV-CAT, MDV-dBETA, and MDV-BETA RNA) template RNA.
The reaction mixtures were monitored at 37°C using an ABI PRISM 7700 Sequence Detector (PE Applied Biosystems) for analysis of exponential phase and saturation point or an Mx3005P TM QPCR System (Stratagene) for analysis of the linear phase. The output fluorescence spectrum excited at 488 nm from ABI7700 was decomposed to the spectrum of SYBR Green II and ROX by the least squares method. The ratio of the peak value of the spectrum of SYBR Green II to that of ROX, obtained by spectral decomposition, was employed as the signal intensity. For monitoring by Mx3005P, the ratio of the value of fluorescence emission at 516 nm (excitation at 492 nm) to that at 610 nm (excitation at 585 nm) was employed as the signal intensity.
The RNA concentration in the reaction was quantified using a standard curve of known concentration of the RNA determined by the absorbance versus the signal intensity for both instruments. The data intervals of ABI7700 and Mx3005P were ϳ6 and 30 s, respectively. The ABI7700 has high sensitivity and accuracy but a narrow dynamic range, whereas the Mx3005P has low sensitivity and accuracy but a broad dynamic range.
Analysis of the Exponential Phase-When the enzyme is in excess to the RNA, RNA is amplified exponentially with the rate k obs . Here, the reaction can be assumed to be a continuous stirred tank reactor steady-state reaction (11) , which is an assumption that the concentrations of all components in the reactor increase autocatalytically at the same rate, and the concentrations of Rt, E-Rp, and E-Rn (total RNA, enzyme bound to productive binding site of the RNA, and enzyme bound to nonproductive binding site of the RNA, respectively) can be written as follows.
The rate equation for [Rt] and [E-Rp] in our model (Scheme 1) can be written as follows,
where E represents free enzyme (i. 
We assumed k Ϫ1 Ͼ Ͼ k cat or k Ϫ1 Ͻ Ͻ k cat to reduce the parameter for fitting as follows. When k -1 is Ͼ Ͼk cat and k Ϫ1 is Ͻ Ͻk cat , we obtained the following, respectively, 
The assumption that the enzyme is in excess to RNA ( increases exponentially over time when t Ͻ t sat and increases linearly over time when t sat Ͻ t. The reaction times used to obtain [R sat ] were 2-4, 2-5, 3-7, 3-7, 2-6, 3-7, and 2-9 min for S130, S222, MDV-poly, MDV-T12, MDV-CAT, MDVdBETA, and MDV-BETA, respectively.
To test the fitting accuracy, we simulated the reaction based on the reaction scheme (Scheme 1) with various values of constants, including n and K m2 , with the enzyme concentrations used in the experiment and then estimated [R sat ] values using the Boole function. In all cases, as with the experimental results (Fig. 3A) , the relationship between [R sat ]/[E 280 ], and [E 280 ] obeyed Equation 9. When we then fitted the results of the simulation using Equation 9 , the values of both n and K m2 could be determined with at most 50% error, which justified our strategy of estimating these values.
Analysis of the Linear Phase-In the reaction initiated immediately from the linear phase, it can be assumed that the RNA is present in excess relative to the enzyme (i.e.
[Rp] Ϸ [Rt] and [Rn] Ϸ n⅐ [Rt] ). First, we assumed that the association of productive binding is much faster than that of nonproductive binding (i.e. k 1 Ͼ Ͼ n⅐k 2 ), and the productive binding, including the catalytic process (i.e. E ϩ Rp º E-Rp 3 E ϩ 2R free in Scheme 1), can be described as steady-state. Based on the assumptions, [E-Rp] can be written as follows.
Then we assumed that only a single molecule of enzyme can bind to each molecule of template RNA because the RNA is present in excess relative to the enzyme. In this case, the dissociation of E-Rn caused by the interaction with the elongating enzyme (the third term in Equation 7) is negligible. Based on this assumption, the rate equation for [E-Rn] can be described as follows.
From Equations 11 and 12, and by assuming [Rt] Ͼ Ͼ K m , we obtained the reaction velocity at time t without consideration of the enzyme inactivation (V cor (t)) as follows,
where
, k inact is the rate of enzyme inactivation, and Et(t) is the total active enzyme at reaction time t), we obtained the reaction velocity at time t (V(t)) as follows.
V͑t͒ ϭ
Ϫkinact ⅐ t (Eq. 14)
Equation 14 could not provide good fits for RNAs except S130 and S222 for two reasons. First, the initial enzyme concentration is much less than that of the initial RNA. This results in less of an increase in the signal intensity (i.e. lower velocity), in particular for RNAs amplified at low efficiency. Therefore, the error becomes larger relative to the increase in the signal. Second, the spontaneous RNA (33) emerges in the middle of the reaction and precludes homogeneous RNA amplification, particularly for RNAs amplified at low efficiency. Therefore, the real time data are plausible only until the emergence of the spontaneous RNA. It should be noted that the emergence of the spontaneous RNA could be detected not only by gel electrophoresis but also by real time measurement as a marked increase in signal intensity (velocity). We determined the values of V cor (0) and V cor (∞) as the mean value of V cor (t) for the reaction time of 2-10 min and as the minimum value of V cor (t) averaged for 15 min, respectively. Since the occurrence of spontaneous RNA induced a sudden increase in the reaction velocity, we used the minimum value as V cor (∞).
Enzyme Inactivation-The enzyme was incubated at 37°C for various times under the buffer conditions described under "Results" and subsequently placed on ice for 5 min. Then the lacking NTPs were added, and the mixture was incubated at 37°C to start the reaction. The fraction of the active enzyme was obtained as the ratio of the initial velocity after preincubation to the initial velocity without preincubation. The inactivation rate was determined by fitting the time course of the enzyme inactivation to a single exponential curve. The values of K i(NTP) were determined using the equation,
, where k inact_MAX and k inact_inh are the inactivation rate in the presence of 1.25 mM GDP without and with NTPs, respectively, and [I t ] is the total concentration of NTPs.
RESULTS

Real Time Measurement and the Two Phases of the RNA
Amplification Process-Q␤ replicase can amplify RNA exponentially starting from a small number of copies of the template RNA. In this study, RNA amplification was measured in real time using the fluorescent intercalating dye SYBR Green II (29) , as opposed to gel electrophoresis used mainly in previous studies, and this enabled us to perform detailed kinetic analysis. Fig. 1 shows a typical result of RNA amplification detected by real time measurement. The time courses of changes in RNA concentration and the reaction velocity are shown as closed and open circles, respectively. The velocity was determined from the slope of the RNA amplification curve. We confirmed that SYBR Green II does not affect the replication reaction and that the lag time of fluorescence and photobleaching of the fluorescence were negligible by gel electrophoresis (data not shown).
The RNA amplification process can be decomposed into two phases (i.e. the exponential and linear phases) (5, 23) . Fig. 1 shows the two phases: a steep increase in velocity, which corresponds to the exponential phase (about the first 3 min), and a decrease in velocity, which corresponds to the linear phase. We refer to the transition point of these two phases as the saturation point (around 3 min). The exponential phase is observed when the enzyme is present in excess relative to the RNA in molar ratio. Under such conditions, the RNA is amplified exponentially over time, because the RNA itself, which increases over time, is rate-limiting (i.e. it is autocatalytic). The linear phase is observed after the amplified RNA copy number reaches that of the working enzyme. Under such conditions, the RNA is amplified linearly over time, because the enzyme, which does not increase (but can decrease by inactivation or competitive inhibition as described later) over time, is rate-limiting. At the transition point from the exponential phase to the linear phase, the enzyme is saturated by the RNA (and vice versa), and we thus refer to this transition point as the saturation point. In this study, we analyzed the reaction individually for each phase: exponential phase, saturation point, and linear phase.
Proposal of a Kinetic Model-We proposed a simple kinetic model based on previous reports to determine the kinetic constants directly from the experiments. The presence of a poly(C) sequence at the 3Ј-end of the RNA (6, 7) and unique secondary structures at both 3Ј-and 5Ј-ends (8) are known to be necessary for amplifiable RNAs. Here, binding of the enzyme to such template RNA at an appropriate location where the replication reaction can be initiated is interpreted as productive binding. On the other hand, Q␤ replicase is known to bind various RNAs, regardless of whether the RNA is amplifiable or not (22) . Moreover, it has been reported that replication of the phage genome RNA is somehow inhibited by itself (26, 27) . We also observed that a 30-base oligo-RNA, which is not amplifiable, competitively inhibited the replication reaction (not shown). These observations led us to propose the following: in addition to productive binding, Q␤ replicase binds to RNA nonproductively, even to positions other than the productive binding sites of the amplifiable RNA, and such nonproductive binding may reduce the working enzyme concentration. Note that such competitive inhibition by nonproductive binding is also known for other enzymes (35) , especially those that use polymers as substrates (36 -38) . Therefore, we proposed the kinetic model as follows, The unique feature of this model is the competitive inhibition of the enzyme by nonproductive binding to the template RNA. We assumed that enzyme bound to nonproductive binding sites does not inhibit elongation of the enzyme bound to the productive binding site of the same template RNA and does not affect the k cat value, which is justified by the experimental data (described under "Discussion"). In this study, we determined the kinetic parameters directly from the experimental results based on this simple model and verified the validity of the model.
Analysis of the Exponential Phase-Exponential phase was analyzed to obtain k cat and K m (ϭ (k Ϫ1 ϩ k cat )/k 1 ) values. During the exponential phase, the enzyme is present in excess relative to the template RNA, and nonproductive binding (E-Rn º E) is negligible. Therefore, the reaction can be interpreted as a simple Michaelis-Menten-like model (i.e. E ϩ Rp º E-Rp 3 E ϩ 2R free in Scheme 1), and indeed this was the case (Fig. 2B) [Rt 0 ] is the initial concentration of the RNA, and k obs is the observed rate of exponential amplification. We measured the reactions at the exponential phase using various concentrations of enzyme and seven different template RNAs differing in length from 130 to 2085 nt (Table 1 ). All seven sequences were derivatives of MDV-1 RNA, which is known to be an amplifiable RNA of Q␤ replicase (39) . More information on the sequences of these RNAs is given under "Experimental Procedures." Fig. 2A shows representative results of the time course of RNA amplification using S222 RNA as a template with a fixed concentration of RNA and different enzyme concentrations. In Fig. 2B , the rates of exponential amplification (k obs ; the slope in natural logarithm in Fig. 2A) for the seven different template RNAs are plotted against [E 280 ], which are the enzyme concentrations determined from the absorbance at 280 nm. The total concentration of active enzyme ([Et]) is defined as ␣⅐[E 280 ]. ␣ is the fraction of active enzyme, which can be determined experimentally by analysis of the saturation point (see below) (Fig. 3A) .
During the exponential phase, k obs can be approximated, depending on the values of k cat and k Ϫ1 . When k Ϫ1 is Ͼ Ͼk cat and when k Ϫ1 is Ͻ Ͻk cat , k obs can be written as Equation 5 and 6, respectively (see "Experimental Procedures"). K m is (k Ϫ1 ϩ k cat )/k 1 , which is the Michaelis-Menten constant between the enzyme and the productive binding site of the template RNA. Since we have no means to determine whether k Ϫ1 is Ͼ Ͼk cat or k Ϫ1 is Ͻ Ͻk cat , we estimated k cat and K m /␣ values by fitting the 
were compared with those obtained by Equation 5 , k cat was 2% larger and K m was 30% smaller for all seven RNAs, and thus the differences were not significant. The values obtained with Equation 5 are shown in Table 1 , but it should be noted that the k cat values are plausible, and K m may be overestimated but by at most 30%.
The inverse of k cat can be considered as the time costs for the single catalytic reaction and can be written as 1/k cat ϭ N/k pol ϩ 1/k others , where k pol , k others , and N are the rate constant of polymerization for one nucleotide, rate constant of reactions other than polymerization (i.e. initiation and termination), and the nucleotide length of the template RNA, respectively. We found that 1/k cat was proportional to N, and k pol ϭ 28.9/s and k others ϭ 0.061/s were determined from the slope and the intercept of the linear fit in Fig. 2C , respectively. It should be noted that the linearity observed in Fig. 2C suggests that the major differences in k cat among the RNAs can be accounted for by the RNA length N alone.
It has been reported previously that RNAs of the same length can exhibit different catalytic rates depending on their sequence and structure (24, 40) . Indeed, we observed that k cat values were different among RNAs of similar lengths (i.e. S222, MDV-poly, and MDV-T12; see Table 1 ), which cannot be explained solely by the differences in their length. Nevertheless, the correlation observed in Fig. 2C suggests that the contributions of sequence and structure to the k cat value are smaller than those of the length of the RNA, particularly when the RNA length varies widely. We were thus able to identify the relationship between k cat and N and obtained values of k pol and k others . The value of k pol (28.9/s) was comparable with those of other polymerases, including T7 polymerase (41), 3D polymerase (42), human immunodeficiency virus reverse transcriptase (43), RNA polymerase II (44) , and DNA polymerase I (Klenow) (45) , which have been reported to be 30, 72, 13, 20, and 50/s, respectively. Unlike the k cat values, the values of K m were independent of the length of RNA (N), and the average value of the seven RNAs was 2.9 Ϯ 1.6 nM.
Analysis of the Saturation Point-The saturation point was analyzed to obtain ␣, n, and K m2 (ϭ (k Ϫ2 ϩ 2 k cat )/k 2 ) values. At the saturation point, the concentration of RNA reaches that of working enzyme, and few enzyme molecules remain free (23) . More precisely, since the affinity between the RNA and enzyme is sufficiently high (K m values were on the order of 1 nM in Table  1 Table 1 . C, the correlation between 1/k cat and N. The solid line represents the linear regression of the data that gave the k pol and k others values as described under "Results."
[R sat ] from the experimental results is described under "Experimental Procedures."
Based on Scheme 1, [R sat ]/[E 280 ], which is the fraction of working enzyme at the saturation point, can be written as Equation 9 (see "Experimental Procedures"). K m2 is (k Ϫ2 ϩ 2k cat )/k 2 , which is the Michaelis-Menten-like constant between the enzyme and the nonproductive binding sites of the template RNA, not per molecule but per site. The [R sat ] values for each of the seven RNAs at different enzyme concentrations were obtained from the same data used for analysis of the exponential phase. Fig. 3A m2 and n values of these two RNAs were not detectable (Table 1) . Using this value, we then determined K m2 and n for the other five RNAs by fitting the data to Equation 9 (Fig. 3A, Table 1) . From the results, we found that the values of n were in direct proportion to the length of the template RNA (N) and obtained the relationship n ϭ 0.0038N (Fig. 3B) Although the values of K m2 have substantial margins of S.E., we did not observe their dependence on the length of RNA, and the average value for the five RNAs was 30 Ϯ 23 nM ( Table 1) .
Analysis of the Linear Phase -The linear phase was analyzed to obtain K i (ϭ k Ϫ2 /k 2 ) values and to evaluate the consistency of our results. For the analysis, the reactions were carried out using template RNA concentrations higher than those of the enzymes. Under such conditions, the reaction begins immediately from the linear phase (i.e. the RNA is present in excess relative to the enzyme throughout the reaction). During the linear phase, the enzyme concentration is rate-limiting, and the reaction velocity is proportional to the working enzyme concentration. Indeed, the initial velocity was directly proportional to the input enzyme concentration in the reaction started immediately from the linear phase (not shown). Hence, by measuring the reaction velocity, it is possible to trace the changes in the working enzyme concentrations, which allowed us to estimate the K i values.
The black dashed line in Fig. 4A shows the time course of the RNA amplification initiated by 100 nM S222 RNA and 10 nM enzyme, and the closed circles show the time course of the reaction velocity on a logarithmic scale. In the reaction velocity (V(t), closed circles), a single exponential decrease (linear line on a logarithmic scale) at the late stage and the deviation from the single exponential decrease at the early stage can be seen (Fig.  4A) . The single exponential decrease and the deviation from it are considered due to enzyme inactivation and nonproductive binding of the enzyme, respectively. Under such assumptions, the reaction velocity at reaction time t (V(t)) can be written as Equation 14 (see "Experimental Procedures"). k inact is the rate of enzyme inactivation, and K i is k Ϫ2 /k 2 , which is the dissociation constant between the enzyme and the nonproductive binding sites of the template RNA, not per molecule but per site. Equation 14 provided a good fit to the data (Fig. 4A, black solid  line) , indicating the validity of the proposed model and the assumptions used. In addition, as a result of the fit we obtained, k inact ϭ 0.012 Ϯ 0.002/min. This value was in agreement with Table 1 . B, the correlation between n and N. The solid line represents the linear regression of the data that gave a slope of 0.0038/nt, which indicates the average number of nonproductive binding sites on a single nucleotide of RNA.
that obtained independently with different experiments shown in Fig. 5A (see below for details). Moreover, since the rates of the single exponential decrease at the late stage (Fig. 4A) were independent of both enzyme and RNA concentrations (not shown), the decrease is likely to correspond to the enzyme inactivation.
The fit of V(t) (Fig. 4A , closed circles) with Equation 14 can give the rate constants k cat ⅐␣, n⅐k 2 ⅐K m , k Ϫ2 , and k inact of all seven different RNAs and in turn the K i values (K i ϭ k Ϫ2 /k 2 ), using the values of n and K m . However, for those exhibiting low amplification efficiency, in particular the reaction with longer RNAs, the errors of the real time data were large and insufficient for directly fitting with Equation 14 (for details, see "Experimental Procedures"). Therefore, we adopted another strategy to obtain the K i values for all seven RNAs. First, the effect of enzyme inactivation was removed from V(t) by using k inact ϭ 0.012/min, which gave V cor (t) (Fig. 4A, ϫ; see Equations 13 and 14) . Here, the values of V cor (t) at the initial (V cor (0)) and at the steady state (V cor (∞); i.e. at the late stage) can be written as k cat ⅐␣⅐[E 280 ] and k cat ⅐␣⅐[E 280 ]/(n⅐K m /K i ϩ 1), respectively (see Equation 13 ), which then gave K i ϭ n⅐K m /(V cor (0)/V cor (∞) Ϫ 1). Therefore, by measuring the values of V cor (0) and V cor (∞) for the seven RNAs that could be determined with reasonable accuracy (see "Experimental Procedures") and by using the K m values determined by analysis of the exponential phase and using the relationship n ϭ 0.0038N obtained by analysis of the saturation point, we were able to determine K i values for seven RNAs (Table 1) . We did not observe the dependence of K i on the length of RNA, and the mean value of the seven RNAs was 5.4 Ϯ 3.9 nM, which is of the same order of magnitude as the mean value of K m and K m2 (2.9 Ϯ 1.6 and 30 Ϯ 23 nM, respectively) and the dissociation constants between RNA and Q␤ replicase reported previously (21, 22) .
In principle, the values of k 2 and k Ϫ2 can be determined as k 2 ϭ 2k cat /(K m2 Ϫ K i ) and k Ϫ2 ϭ k 2 ⅐K i , respectively. However, the values of K m2 have substantial margins of S.E. (Table 1) , and thus the values could not be determined with accuracy. Nevertheless, from the average values of equilibrium constants, both values of k 2 /nM/min and k Ϫ2 /min can be approximated to be on the order of 0.1. On the other hand, the k 1 value can be determined as
Although we have no means to estimate the k Ϫ1 value, k 1 can be estimated to be at least k cat /K m , which was on the order of 1/nM/min (Table 1) . These estimations, k 2 Ϸ 0.1/nM/min and k 1 Ͼ 1/nM/min (the association of productive binding is much faster than that of nonproductive binding), can explain the observed decrease in velocity at the early stage of V cor (t), as described below. More precisely, the high velocity at the beginning of the reaction (V cor (0)) can be explained by the major fraction of enzymes binding to the productive binding sites, since the association of productive binding is much faster than that of nonproductive binding (i.e. k 1 Ͼ Ͼ n⅐k 2 ). Subsequently, the enzymes also bind gradually to the nonproductive binding sites until reaching the steady state, in which the ratio of enzyme bound to productive and nonproductive binding sites becomes the ratio of their equilibrium constants (i.e. K i /n and K m , respectively). Therefore, the gradual decrease of V cor (t) (i.e. V Cor (0) to V Cor (∞)) was observed, and the K i value was determined from the ratio of these two values.
Using the values obtained in the present study (Table 1) , we also evaluated the validity of our reaction scheme by investigating the consistency of the data obtained by analysis of the linear phase with those of the exponential phase and the saturation point. The ratio of V cor (0) to [E 280 ] can be written as V cor (0)/ [E 280 ] ϭ ␣⅐k cat , where V cor (0)/[E 280 ], and k cat values were determined from the linear and exponential phases, respectively. A linear correlation was observed when plotting V cor (0)/[E 280 ] and k cat for each RNA (Fig. 4B) , which indicates the consistency between analysis of the linear and exponential phases. Furthermore, from the slope, the ␣ value was determined to be 0.16, which was in agreement with the value of ␣ ϭ 0.20 determined by analysis of the saturation point (Fig. 3A) . The fact that the values obtained from three different experiments obeyed one equation suggests the consistency of our analysis and further justifies our model. Table 2 . B, Lineweaver-Burk plot of the inactivation rates as a function of GDP concentration without NTP (F) and in the presence of ATP, UTP, and CTP at 1.25 mM each (E). The solid lines represent the linear regression curves of the data, which gave the k inactmax , K m(GDP) , and K i(NTP) values as described under "Results."
Analysis of the Enzyme Inactivation-We investigated whether the observed single exponential decrease in the velocity in the linear phase is indeed due to enzyme inactivation. Q␤ replicase is known to be stable under cell-free conditions (3). On the other hand, the presence of guanine nucleotides has been reported to accelerate the inactivation (46) . Therefore, we determined the inactivation rate in the presence of GTP, which is present in the replication reaction, and also examined the effects of other guanine nucleotides (GDP and GMP).
The inactivation rate was determined from the decreasing fraction of the active enzyme by preincubation of the enzyme. The fraction of the active enzyme was determined from the initial velocity of the reaction initiated from the linear phase, which was directly proportional to the enzyme concentration (not shown), after preincubation. We first determined the inactivation rates under the same conditions as for the replication reaction except that one or all four NTPs were omitted. Fig. 5A shows the time course of enzyme inactivation on a logarithmic scale, and the inactivation rates are summarized in Table 2 . These results indicated that the inactivation rate is roughly 0.01/min as long as GTP is present, which is in agreement with that shown in Fig. 4A (0.012 Ϯ 0.002/min). The observation that the inactivation rate determined from the reaction (Fig.  4A ) was slightly greater than that determined from the preincubation experiments (Fig. 5A ) may be due not only to experimental error but also to the presence of another inactivation mechanism, such as polymerase arrest (47) . On the other hand, the inactivation rates in the absence of GTP were significantly slower than that in the presence of GTP (roughly 0.002/min). In addition, GDP was found to accelerate the rate to 0.038/min, whereas GMP did not (Fig. 5A, Table 2 ). These results were in good agreement with those of a previous study, where the rate constants were not determined but the effects of GTP and GDP were shown qualitatively (46) .
The inactivation with GDP was significantly faster than that with GTP. Therefore, we performed further investigations of the GDP-dependent inactivation. Previously, GDP-dependent inactivation was reported to be due to the binding of GDP to the EF-Tu subunit of Q␤ replicase (46) . On the other hand, the ␤ subunit, which catalyzes elongation, binds to NTPs. Therefore, we investigated the influence of NTP on the GDP-dependent inactivation by incubating the enzyme in the presence of three NTPs at 1.25 mM (each of ATP, CTP, and UTP) and various concentrations of GDP. Fig. 5B shows the Lineweaver-Burk plot of the results, which indicated that NTPs seem to inhibit the GDP-dependent inactivation in a noncompetitive manner.
In addition, the maximum inactivation rate (k inactmax ), the Michaelis-Menten constant of the GDP-dependent inactivation (K m(GDP) ), and the inhibition constants (K i(NTP) ; i.e. dissociation constant of the inactivation inhibition by NTP) averaged for ATP, CTP, and UTP were determined to be 0.034/min, 12 M, and 4.7 mM, respectively. Similarly, we also determined K i(NTP) for each of the four NTPs to be 15.2 Ϯ 0.2, 8.3 Ϯ 0.1, 3.6 Ϯ 0.3, and 5.5 Ϯ 0.1 mM for ATP, UTP, CTP, and GTP, respectively, which indicated that all of the NTPs (including GTP) inhibited the GDP-dependent inactivation with little difference in magnitude between the nucleotide bases. Although the molecular mechanism has yet to be determined, it is clear that the stability of Q␤ replicase can be regulated by the concentrations of both NTPs (on the order of 1 mM in Escherichia coli (48) ) and GDP. The balance of NTP and GDP concentrations may be used as a regulatory mechanism for Q␤ phage infection and amplification.
DISCUSSION
In this study, we analyzed the entire process of RNA amplification by Q␤ replicase based on a simple kinetic model, which considers nonproductive binding. Our study revealed that the model was capable of explaining the results obtained throughout the entire process: exponential phase, saturation point, and linear phase. Our model can also explain three previously unresolved observations. First, the replication of the phage genomic RNA was shown to be inhibited somehow by the genomic RNA itself (26, 27) , and the inhibition did not depend on either the enzyme or the genomic RNA concentration but on the ratio of the enzyme to RNA. This observation can be explained as competitive inhibition by nonproductive binding, where the affinity of nonproductive binding is higher than that of productive binding (i.e. K i /n is smaller than K m ), which is probably the case for long RNAs, such as the genomic RNA. Second, the reaction velocity decreases in the linear phase (5, 28) , which has been explained as an effect of uncompetitive inhibition by the template RNA (11) . In the case of uncompetitive inhibition, the reaction velocity should depend on the RNA concentration. However, we found that the decrease in velocity was independent of the RNA concentration (not shown), which was also the case for genome amplification described above (26, 27 ). In our model, this observation can be explained as the decrease in the working enzyme caused by both nonproductive binding and enzyme inactivation. Third, the catalytic constant (k cat ) has been reported to differ between the exponential and linear phases. This observation was based on the assumption that the entire enzyme molecule is working (i.e. ␣ ϭ 1) (5), which is obviously inappropriate and should cause overestimation of the working enzyme concentration. In the linear phase, the velocity is proportional to the enzyme concentration, as described under "Results," and overestimation of the enzyme concentration leads to underestimation of k cat . On the other hand, k cat can be obtained independently of the enzyme concentration in the exponential phase, and as a consequence k cat values were thought to be different between the two phases. Alternatively, based on our results, it is more reasonable that ␣ 1, and k cat is constant throughout the reaction. In addition to the kinetic model, we obtained various kinetic constants of the replication reaction for RNAs of varying length (Table 1) . We also found a correlation between the inverse of catalytic constant (1/k cat ) and the length of template RNA (N) (Fig. 2C) and a correlation between the number of nonproductive binding sites on a single template RNA (n) and N (Fig. 3B) , which allows estimation of k cat and n values from the value of N. These values represent important information both for understanding the basis of Q␤ phage amplification and for applications using Q␤ replicase. Using our estimate, the catalytic rate of the Q␤ phage genome (4217 nt) replication can be predicted to be 0.006/s, which is also in agreement with the value 0.01/s obtained by simulations reported previously (14, 49) . By knowing the correlation between n and N (n ϭ 0.0038N; Fig. 3B ), we can designate the two effects caused by nonproductive binding as described below. First, the exponential phase should be shorter for the longer RNA. More precisely, the RNA amplification comes to the end of the exponential phase (i.e. saturation point) when the RNA concentration is equal to the working enzyme concentration (i.e. [R sat ] Ϸ [Et]/(1 ϩ n); see Equation 9 ). Second, the affinity of nonproductive binding should become greater for longer RNA, which causes a significant decrease of the reaction velocity in the linear phase. More precisely, the dissociation constant of nonproductive binding for a single RNA molecule is K i /n, which becomes smaller for longer RNAs. These estimations suggest the difficulty of Q␤ phage genome amplification in vivo, which is 4127 nt in length, even longer than all seven RNAs used in the present study.
Nonproductive binding should exhibit a substantial effect during genome amplification in vivo, since nonproductive binding is more effective for longer RNAs that carry larger numbers of nonproductive binding sites. Furthermore, the host E. coli cell is filled with other RNAs, such as rRNA, tRNA, mRNA, etc., which will inhibit genome amplification competitively by nonproductive binding. Despite the many difficulties, the Q␤ phage genome can indeed be amplified in vivo. Based on our results, we suggest that the faster association of the enzyme to productive than to nonproductive binding sites is one of the keys enabling phage genome replication in vivo. Moreover, the slower association of nonproductive binding may be used as a regulatory mechanism of the life cycle of the phage. For example, the inactivation of the Q␤ replicase by nonproductive binding may be necessary for suppression of the amplification of parasite RNA (called 6 S RNA (3)) after the genome amplification reaction. Alternatively, nonproductive binding may maintain the genomic RNA in a singlestranded form, necessary for the RNA amplification and translation reactions. Clearly, further studies are required to understand the role of nonproductive binding in vivo.
The mechanism of synthesizing the minus strand of the Q␤ phage genome using the plus strand as a template is rather complex (50) . Subunit S1 and another host factor, Hfq protein, are necessary for this reaction, whereas these are not necessary for replication of all other known amplifiable RNAs, including synthesis of the plus strand of the genome from the minus strand (51) . In the present study, we used S1-less Q␤ replicase (see "Experimental Procedures"), a different form from that in vivo. Nevertheless, nonproductive binding should be present with the replicase in vivo, because holoenzyme (with S1) is also known to bind various RNAs, regardless of whether the RNA is amplifiable or not (4, 22) , and the Hfq protein only mediated access of the replicase to the 3Ј-end of the plus strand of the phage genome (52) .
Competitive inhibition by nonproductive binding (also known as nonspecific binding (38, 53) ) is known for other enzymes (35) , whereas it has not been reported previously for Q␤ replicase. The mechanism responsible for the number of nonproductive binding sites (n) being proportional to the length of RNA (N) is unclear (n ϭ 0.0038N; Fig. 3B ). However, there are two possibilities. First, the nonproductive binding sites on the RNA are pyrimidine tracts, which may be distributed evenly on the RNA. Q␤ replicase is known to possess two different RNA binding sites (binding sites I and II), and binding site II, which is located on the EF-Tu subunit (4) is known to bind pyrimidine tracts preferentially (22) . The dissociation constant of binding between replicase and polypyrimidine (7 and 20 nt) was found to be in the range of 1-10 nM (22) , which was similar to that of the nonproductive binding (K i ) in our results (5.4 nM on average (Table 1) ). When we investigated the number of heptapyrimidine sequences (n seq ) within both the plus and the minus strands of the five RNA sequences used in this study and compared n seq and n, we observed a linear correlation with a slope of 0.94 (R 2 ϭ 0.77), suggesting that the heptapyrimidine sequence may be the nonproductive binding site. It should be noted, however, that this was not the case with the number of hexa-or octapyrimidine sequences, and thus heptapyrimidine may have a particular role in binding to the replicase. Alternatively, n may simply be determined by steric hindrance due to the binding of a number of replicase molecules on the RNA of limited length. We found that one molecule of Q␤ replicase can bind per 263 nt of RNA on average (n ϭ 0.0038N; Fig. 3B ), corresponding to a single replicase on ϳ90 nm of stretched RNA (54) . RNA does not exist in a stretched form but generally folds to a much more compact topology, and thus 263-nt RNA should be much smaller than 90 nm. The diameter of the EF-Tu and Ts complex is ϳ10 nm (55) , and thus Q␤ replicase is likely to be slightly larger than 10 nm. The correlation n ϭ 0.0038N can be understood if the length of 263-nt RNA is in a range similar to the size of the replicase. Note that if n ϭ 0.0038N is determined by the steric hindrance, the number n (and consequently the value 0.0038) obtained in this study may be underestimated because of the difficulty of forming a close packed state (i.e. RNA saturated with the replicase without any distance between the enzymes), as described previously by McGhee et al. (56) . Further studies are required to determine the detailed molecular mechanism of nonproductive binding.
We assumed that nonproductive binding does not inhibit elongation of other enzyme molecules on the same template RNA and does not affect the value of k cat . This assumption was justified by the experimental data, as described below. In the exponential phase, the fraction of the enzyme bound to the nonproductive binding site of RNA (E-Rn) increased as with the increase of enzyme concentration following Equa-tion 8 (Fig. 3A) . If nonproductive binding inhibits elongation, the rate of exponential amplification (k obs ) should decrease with the increase of enzyme concentration; however, k obs did not decrease in the experiment (Fig. 2B) . Therefore, the inhibition of elongation by nonproductive binding was not observed, and even if present, the effect is significantly small and negligible.
The aim of this study was to interpret the RNA amplification process as simply as possible. Therefore, we did not consider asymmetry of the RNA strands (25) and the production of double-stranded RNA (23) , which are known to be present. Indeed, we observed differences in kinetic constants between the plus and minus strand of some RNAs and the production of doublestranded RNA, which can no longer act as a template (not shown). We ignored the asymmetry, and thus our estimates can be interpreted as the averages of two complementary strands. Double-stranded RNA production is a reaction in which newly synthesized RNA anneals fully with the template RNA at the end of the polymerization reaction. It has been reported that the ratio of double-stranded RNA production depends on the structure of the RNA (24) , and the ratio affects the rate of exponential amplification of RNA (k obs ) (57) . Therefore, the values of k cat (consequently k pol and k others ) and ␣ obtained in the present study can be affected by considering double-stranded RNA production. Following the previous report (57) , when considering double-stranded RNA production, the values of k cat and ␣ can be corrected as k cat /(1 Ϫ 2d) and ␣ ⅐ (1 Ϫ 2d), respectively, where d represents the ratio of double-stranded RNA production. The value of d can be obtained as the ratio of double-stranded RNA to total RNA, assuming that the doublestranded RNA is produced only by newly synthesized RNA with the template RNA at the end of elongation and not by the annealing of two free complementary strands. We measured the values of d by gel electrophoresis for all seven RNAs used in this study, and all were in the range of 0.2-0.3 with little difference among the RNAs (not shown). Therefore, all values of k cat and ␣ may be under-and overestimated by at most ϳ2-fold, respectively. Note that d values obtained in the present study may be overestimated, since we were not able to distinguish double-stranded RNA production during the reaction and gel electrophoresis. Hence, the degree of overestimation of k cat and ␣ is less than 2-fold. Nevertheless, it is worth noting that the relationships between 1/k cat and N (Fig. 2C) , V cor (0)/[E 280 ] and k cat (Fig. 4B) , and ␣ and the slope of the line in Fig. 4B are unaffected regardless of the presence or absence of doublestranded RNA.
In conclusion, we have proposed a plausible kinetic model for the RNA replication reaction by Q␤ replicase and determined the various kinetic constants. This study provides new insight into the biology of Q␤ phage, such as the effect of nonproductive binding and the notable pattern of enzyme inactivation, and also provides useful information for applications using Q␤ replicase, such as estimation of the catalytic constant and the number of nonproductive binding sites from the length of the template RNA and the ranges of the various equilibrium constants. Further studies, such as determination of the three-dimensional structure (58, 59) of Q␤ replicase, would be helpful in extending our understanding of the molecular mechanism of action of this enzyme.
